Light at the end of the beam pipe:
Studying Matter under Extreme
Conditions

Brookhaven National Laboratory K

Hard probes, (some) hard focts;
perfect fluids, and sticky issues...
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Outline

® Whj sEu,cifj he.avv Lo collisions
- Furthers our understanding of QCD
-~ How ko do Ehis?

o Direct observation of hadronic
observables

o Send penctrating probes & observe
response: Tomography

¢ The RHIC program: Surprises and new
Phjsh:s
- The quantitative success of relativistic
kvdradvmamias
- Photons and d&i.ep&ons ab RHIC
¢ A new era begins: the LHC
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Going way back: The discovery of the
atomic nucleus [1911]

electrens
on perimetar

positive
. nuclaus

alpha
particles

Rutherford and his group bombarded a thin foil of Au with a-particles
and noted some large-angle scatterings.
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Going deeper: Experimenting on the
nucleon (proton) [1953]

Robert Hofstadter Rudolf Ludwig
Maossbauer

The Nobel Prize in Physics 1961 was divided equally between Robert Hofstadter
“for his pioneering studies of electron scattering in atomic nuclei and for his
thereby achieved discoveries concerning the structure of the nucleons” and
Rudolf Ludwig Mossbauer “for his researches concerning the resonance
absorption of gamma radiation and his discovery in this connection of the effect
which bears his name”.

Nobel Prize 1961: e-p elastic scattering.
The proton has a finite size R Charles Gale
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Going deeper (contd): Experimenting on
the nucleon (proton) [1968]

Jerome |. Friedman Henry W. Kendall Rlchard E. Taylor

The Nobel Prize in Physics 1990 was awarded jointly to Jerome |. Friedman,
Henry W. Kendall and Richard E. Taylor "for their pioneering investigations
concerning deep inelastic scattering of electrons on protons and bound neutrons,
which have been of essential importance for the development of the quark model
in particle physics”.

Nobel Prize 1990: e-p deep 1nelastic scattering.
aroousiaven 1 1€ Proton has substructure: Quarks FR e cut

McGill
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Fast-torward to today: The theory of

the strong interaction is

QCD. The cast of characters:

Three Generations
of Matter (Fermions)

o
9

Quark structure of the proton

Bosons (Forces)
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Fast-torward to today: The theory of

Three Generations
of Matter (Fermions)

the strong interaction is

QCD. The cast of characters:
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Fast-torward to today: The theory of
the strong interaction is
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Three Generations
of Matter (Fermions)
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Properties of the source:
QCD

*QCD is a gauge field theory os

o &)
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Confinement at large distance
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The Nobel Prize in Physics 2004

David J. Gross H. David Politzer

of the strong interaction".

NATIONAL LABORATORY

David J. Gross, H. David Politzer, Frank Wilczek

Frank Wilczek

ag(r)

The Nobel Prize in Physics 2004 was awarded jointly to David J. Gross, H. David
Politzer and Frank Wilczek "for the discovery of asymptotic freedom in the theory

A

Asymptotic Freedom

“What this year's Laureates
discovered was something that, at
first sight, seemed completely
contradictory. The interpretation of
their mathematical result was that the
closer the quarks are to each other,
the weaker is the 'colour charge'.
When the quarks are really close to
each other, the force is so weak that
they behave almost as free particles.
This phenomenon is called
‘asymptotic freedom’. The converse
Is true when the quarks move apart:
the force becomes stronger when the
distance increases.”

1/r
&R Charles Gale
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QCD? Don’t we know about QCD??
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QCD? Don’t we know about QCD??
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QCD? Don’t we know about QCD??
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QCD: What we know less...

* Phase transitions in QCD? What is the
phase diagram?

* Dynamics of deconfinement, hadronization

 Are there collective features (many-body)
effects that are present in QCD at high
density/temperatures that are not there at
T=0? (“‘emergent features™)

* Does the QCD phase diagram have
consequences for cosmology and for dense
stellar objects?

P Charles Gale
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Phase diagram?
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Some aspects of the phase diagram, we do know
from first principles: Lattice QCD (at (ts=0)
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Exploring the QCD phase diagram:
Has to be done dynamically

Equilibrium
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Exploring the QCD phase diagram:

Has to be done dynamically
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Extreme states: the

company we keep

(T -T,)/T,
BROOKHA
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WEN Adams, Carr, Schaefer, Steinberg, Thomas, NJPhys 2012
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How to compress and heat nuclear matter:
Relativistic nuclear collisions
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How to compress and heat nuclear matter:
Relativistic nuclear collisions cnimation: vromp
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Bevalac (LBL)
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o Particle physics: doubling time
"’ever'j 4 years

~s

¢ Heavy-Ion physics: doubling time
1.7 Years
- Started i the 70% ab the Bevalac,
with a few dozen scienkists,
mostly from the US, Grermany,
;“JQF?QM
® Ehergy crease ~ 10% i 28 years,
leading to LHC

® ?2000 thSEa@LSES MOTL(&MEC&Q P Charles Gale
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How to look backsin the distant past.

. . \
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RHIC: new physics and many surprises!

e The (unreasonable?) success of hydrodynamics
— Matter flows like a liquid

— Specific viscosity 1s very low (almost 0)

A connection with other strongly coupled systems:
» Cold fermionic atoms
» String theory (!)

— System 1s strongly coupled
e Matter 1s surprisingly opaque

— Jets are quenched by the strongly interacting
system

* Electromagnetic signals

- &R Charles Gale
BROOKHRVEN o McGill
NATIONAL LABORATORY
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Relativistic hydrodynamics works!
...Relativistic hydrodynamics?!?

TW — ( e + P)uuu\’ _ PgW (ideal hydro)

u=(y,yv)

In a frame where the fluid 1s locally at rest:
u=(10,0,0), 7" =e, T"=P37, T" =0

Conservation of energy & momentum:

d,T" =0 4 equations, 5 unknowns:e, P,u" (u” =1)

EoS: P=f(T, n) | €= Where our knowledge of QCD enters

P Charles Gale
BROOKHRVEN o, McGill
NATIONAL LABORATORY
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A surprise from RHIC:
Matter flows like a liquid!
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A surprise from RHIC:
Matter flows like a liquid!

L = > {1+22vncosn(¢—l//n)}
prdp;d¢  p dp.do

n=2 n=3 n=4 n=>5 n==6

n

.o

Positive v2 = 1n plane emission
Negative v2 = out of plane emission

P Charles Gale
BRO o, McGill
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Hydro performance
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Hydro calculations moving closer and closer to
genuine ab-initio, 3+1D, with finite shear viscosity !

Lu,mpy unikial
stabtes Au + Au
CRHIC

Viscosity, A clear effect:
T" =(e+Pu"u" — Pg"" +I1*

nls=2/4m
(Animations:
B. Schenke)
1= 0.5 imic FER Charles Gale
BROGKHAVEN " MGl
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How do we know the nature of the initial state?

1=0.4 fm/c
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Closing in on the initial state
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The plasma 1s liquid-like, rather than

gas-like. ..
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...and RHIC can measure the viscosity!
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The role played by electromagnetic radiation

* Penetrating probes: negligible final state
effects (o)

* Real and virtual photons are complementary

e Thermal photon emission 1s from hotter
zones of the colliding system

* Emitted throughout the collision history
* Low emission rates

* Procedure: Calculate thermal emission rates
& use hydrodynamics to model the
evolution. Integrate rates over whole history

&R Charles Gale
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Sources of photons

1n a relativistic nuclear collision:
Hard direct photons. pQCD with shadowing
Non-thermal
Fragmentation photons. pQCD with shadowing
Non-thermal

Thermal photons Jet-plasma photons

Thermal Thermal

-\]\\
Jet in-medium bremsstrahlung
Thermal

‘ Pre-equilibrium? ' ?
TR

Charles Gale ww
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APPLYING THIS TO INTERPRET PHOTONS MEASURED @ RHIC:

RATES ARE INTEGRATED USING RELATIVISTIC HYDRODYNAMIC
MODELING

I | | At low pr, spectrum
» AutAuat RHIC : dominated by thermal

components (HG, QGP)

At high pr, spectrum
dominated by pQCD

Window for jet-QPG

B N ®  contributions at mid-pr
3 _SUI\éIG ~Iif ]
4L - —- jet-QGP <]
10 - - - HG .. \§
[ . — . prompt L .
10'55‘ — - Thermal QGP I
- = PHENIX M-
-6 . | | |
10 1 3 3
P [GeV]

Turbide, Gale, Frodermann, Heinz, PRC (2008);
Higher pr: G. Qin et al., PRC (2009)

TN
Bmomu‘“ Charles Gale A
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ONE OF THE USES OF PHOTONS: CHARACTERIZING THE HOT MATTER
CREATED AT RHIC

a~10%E
o = A 4 AuAu Min. Bias x10* T = 221 i 19 i 19 MeV
> 10 excess
8 = © *  AuAu0-20% x10°
_g 102 ;g o = AuAu20-40% x10
o 10 o
K O R e Turbide et al. PRC69
mb 1;—
o g
(17 -
G107 ™
[ E )\
S10%c
o -
S10%
W10k

10°E

-7:|IIII|IIII|IIII|IIII|IIII|III
107 2 3 4 5 6 7
PHENIX, PRL 104 (2010) P, (GeV/c)
32
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ONE OF THE USES OF PHOTONS: CHARACTERIZING THE HOT MATTER
CREATED AT RHIC

< 10—
> - \ Thermal Photons in Au+Au aty\s, =200 GeV
5 F o T. . =221£19x19MeV
0] W * DATA 0-20% excess —_ —_
o> i :f.‘ S --- D. d'Enterria & D. Peressounko: T, = 590 MeV,1, = 0.15 fm/c
\o/ 1 = \‘_'.“‘.:\ S. Rasanen etal.: T, = 580 MeV.t;, = 0.17 fm/c
mQ_ [ “\T'..“‘ -.- D.K. Srivastava: T, = 450-600 MeV, 1, = 0.2 fm/c
g : ‘\“:}\ -.- 8. Turbide et al.: T, = 370 MeV,t, = 0.33 fm/c s 800 .
zZ A - ® D.dEnterria & D. Peressounko
qo Al ‘\:'-i,“"“ - F.M. Liuetal.: T, =370 MeV,t, = 0.6 fm/c + LO pQCD < 2ooF n S.R tal
" 10 E \ \\'}\ - - J.Alam etal.: T, = 300 MeV,t, = 0.5 fmic = - A D.K assa.nente a .t |
[~ \ ‘-{"‘;,‘}x_w. Vogelsang: Prompty NLOpQCD x T, (0-20%) = - - Srivastava et al.
- \ A 600 :— on I S. Turbide et al.
oL \ N, - A *  F.Liuetal.
10 - 5001 l o°  J.Alametal.
N 400 3 *
S -
107E 300 oP
i 200}~
10*F 100}
: : I L L L l L L L L l L | | 1 I 1 1 1 1 l i i i L I | | | | I I I I I
- 00 0.1 0.2 0.3 0.4 0.5 0.6 (f 0).7
1, (fm/c
5L 0
107E
10_5 WENE REEEE TR SRR FRER e Al S
0 1 2 3 4 5 6 7
P, (GeV/c)
! .
D'Enteria & Peressounko, Eur. Phys. J. (2006)
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RHIC AS A THERMOMETER

O 00 MeV = 5.% x 1012 °K ~ Hotlter Ehan the sunn

(V18-20 x 10° °K) r

33
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RHIC AS A THERMOMETER

HIGHEST MAN-MADE TEMPERATURE

@ £ Like 7 Send ‘] 4 people hike this
. A |
3

FORTHE RECORD

WHO:

BROOKHAVEN NATIONAL
LABORATORY'S
RELATIVISTIC HEAVY ION
COLLIDER

WHAT:
HIGHEST MAN-MADE
TEMPERATURE

WHERE:
UNITED STATES

WHEN:
O1JAN 2010

33
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RECENTLY CALCULATED EFFECTS: (1) SHEAR VISCOSITY ON
THE NET THERMAL PHOTON YIELD

fu = fu+ 31,

: ideal hydro
100 ‘ viscous hydrO with corrections ------
‘.“A -1
L i
) 102k
o :
o 3 L
2 107 ¢
mZ :
o -4 L
1 3
83 0 g
10_5 3
10‘6 I | L | . | I
05 1 15 2 25 3.5
pT (GGV)
DROONHAMEN,

Viscous corrections make
the spectrum harder,
=100% at pr = 4 GeV.

Increase in the slope of
=15% at pr = 2 GeV.

Extracting the viscosity
from the photon spectra
will be challenging

Once pQCD photons are
included: a few % effect
from viscosity

More work is still needed
to properly include all
photon sources in a

consistent way
Charles Gale "~
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RECENTLY CALCULATED EFFECTS: (2) FIC ON THE
L THERMAL PHOTON SPECTRUM

500

400

200

FIC produces
° higher initial T (hot

T T T T T T
FIC

averaged intial conditions ==-=--=- SpOtS), and higher
1nitial gradients

FIC conditions are
demanded by
hadronic data (vVodd)

These lead to a
harder spectrum, as
for hadrons

E dN/d’p (GeV ™)

107 3

107

Dion et al., PRC (2011)
Chatterjee et al., PRC (2011)

35
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BEYOND SIMPLE SPECTRA: FLOW AND CORRELATIONS

S\ =200 GeV Au+Au, 20-40 %

NATIONAL LABORATORY

0.25F -
*  Soft phOtOIlS will go with the flow 05 . lf'}tl%l\(l}l}))( PRELIMINARY
2 — = et s
« Jet-plasma photons: a negative vs s A i
. . O e QGP+prompt+HG N
* Details will matter: flow, T(t). . . - o i o
> 0.4 ? N
Turbide, Gale, Fries PRL (2006) 00S] I I | )
Low p,: Chatterjee et al., PRL (2006) 0 ff_:__ J;-. — e e S
All p,: Turbide ez al., PRC (2008) 0051 il
01y 6 8 10 12 14 16 s
py [GeV]
36
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THEORY: NET THERMAL PHOTON V>

0.035 . . . . . .
0.03 | FICs enhance v21n this
centrality class (0-20%), as
0025 1 for hadrons
0.02 | Viscous effects decrease va
0015 | Net v21s comparable in
o size to that with 1deal
0.01 f-- AIC. 1/s = 1/dT - medium
0.005 L | | | | FIC - There 1s new RHIC data
05 1 15 2 25 3 35 4
pt (GeV)
37
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RHIC PHOTON V2 DATA

02

0.18 -

0.16 -

0.12 -

0.08 -

0.06 -

0.04

f"
-

| T
PHENIX data —e— R
v, for QGP, ideal hydro, FIC
v, for HG, ideal hydro, FIC --------
thermal sum, ideal hydro, FIC ====-
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-

-
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002 F _.-=o7 - -
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————
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O New data 1s higher than calculation, even with e-b-e
initial state fluctuations, and i1deal hydro

O Size comparable with HG v

NATIONAL LABORATORY
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SOME FACTS AND SOME LEADS

FICs are here to stay. The meaning of “initial temperature”
1s altered.

Need to explore hydro initialization and parameters. This
requires consistency with the hadronic data.

Making the QGP signal larger will decrease the vo.
Including the T=0 photons, will decrease vs.

Non-zero 1nitial shear tensor? Primordial flow?

Some 1deas from the pre-equilibrium era of the evolution

39
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WHAT ABOUT DILEPTONS?
THERMAL DILEPTON SPECTRUM, AND ELLIPTIC FLOW

= L L B
©
5 ¢ n°n Dalitz-decays
g
pd
©
/ P!
Drell-Yan
Low- i Intermediate- i High-Mass Region
>10fm >1fm i <0.1fm
N I U R S R R
0 1 2 3 4 5

mass [GeV/cz]
Picture: A. Drees

Additional degree of freedom: M and pr may be varied
independently

BROOKHARWEN ° Same strategy: calculates rates, use hydro Charles Gale

NATIONAL LABORATORY
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WHAT ABOUT DILEPTONS?
THERMAL DILEPTON SPECTRUM, AND ELLIPTIC FLOW
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BROOKHARWEN ° Same strategy: calculates rates, use hydro Charles Gale

NATIONAL LABORATORY

-
-

40

s

Wednesday, 12 December, 12




DILEPTONS, THE STORY AS OF A FEW MONTHS AGO

T

L L I L B B B L T T T T T
S 10"} (b) min. bias Au+Au \/s, =200 GeV = 107" §  Minimum Bias Au-Au C+o$kt?él ]
= * DATA ..t ee (PYTHIA) R.Rapp & H.vanHees 7 - 1
& ---- cC - ee (rdm corr) .o piail 7 Data —e—
8 102 |VL <0.35 ---sum w/ p vacuum = — 1 0-2 i
b = §,P5>0.2GeVic —sum w/ p broadening] F> ]
x % — partonic yield (PY) | )
5 10° 3 2 3
= e = 10 :
= - i =
— i ] =z
> 10 = © I
© F I —— - 1074 ¢ 3
© i 1 I ]
$10° £ T~ I i“»-"'“; i
5 E | | L Lo 1 0'5 1 1 1 1 1
2
© 0 0.2 0.4 0.6 0.8 meg(GeV/C!)'z 0 02 04 06 08 1 12 14
M [GeV]
van Hees, Rapp (2010) Dusling, Zahed (2009)
10" min. bias Au+Au, s'°=200 GeV ]
I HSD: .
- —— free spectral functions :
o collisional broadening :
f —— dropp. mass + coll. broad.
= 1w’
-, . .
> Bratkovskaya, Cassing, Linnyk
0]
9 (2012)
&
- ow B
@ PHENIX 41
0.0 l 0.2 . 0.4 . 0.6 . 0.8 . Lo . 1.2
2 TR
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b T T

-+ Ideal HG

035" Viscous HG with viscous corrections

- — - Ideal QGP

I |-—- Viscous QGP with viscous corrections
—— Ideal HG + QGP

— Viscous HG + QGP with viscous corrections | .-* .

0.025 T T T T T T T T
-+ Ideal HG (rescaled by 0.05)
B -+ -+ Viscous HG with viscous corrections (rescaled by 0.05)
0.02 |-—- ldeal QGP “‘.“L
- - — - Viscous QGP with viscous corrections ot
_ —— Ideal HG + QGP
é —— Viscous HG + QGP with viscous corrections
hS L
4 00151
3 L
a
>
)
8 n
I 001 —
= L
3
>
0.005
0
0 0.5 1 1.5 2 25 3 4.5 5

p; (GeV)
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THERMAL DILEPTON V2 WITH VISCOUS EFFECTS

—
SFE .

5 n°n Dalitz-decays E

8 1

P E

© E

g E

7 ‘ Drell-Yan E

L Low- Intermediate- High-Mass Region

E >10fm | >1fm <0.1fm E

E S N T S B D

0 1 2 3 4 5

mass [GeV/cz]

* Additional degree of freedom (IM)
provides flexibility

* By tuning M, open window on
different aspects

42
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| THEIRMIALIDI!_EPTOIN V2 WITH VISCOUS EFFECTS

NATIONAL LABORATORY

0.4
-+ Ideal HG 7]
035 * Viscous HG with viscous corrections [ ... -
: «—. IdealQGP e
- —+ Viscous QGP with viscous corrections T
03 —— Ideal HG + QGP .
— Viscous HG + QGP with viscous corrections | .-* ’
g -
= 025
g
&
.02
(=N
=)
1l
% 0.15
o
>
0.1
0.05
0

dN,, / dydm

n°m Dalitz-decays

¢! .

3 Drell-Yan 7
L Low- Intermediate- |  High-Mass Region
>10fm i >1fm i <0.1fm E

E L s P SV BT R
0 1 2 3 4 5

mass [GeV/cz]

* Additional degree of freedom (IM)

provides flexibility

* By tuning M, open window on

different aspects

G. Vujanovic, 2011-12
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THERMAL DILEPTON V2 WITH VISCOUS EFFECTS

£ L L L
% 7° n Dalitz-decays E
N
°© E
" ’ \ Drell-Yan ’
, Low- Intermedifjte- High-Mass Region ,
>10fm i >1fm i <0.1fm
S N B S B B
0025 T I T I T I T I T T T T T T O 1 2 3 4 5
i i mass [GeV/cz]
B -+ -+ Ideal HG (rescaled by 0.05) |
B - Viscous HG with viscous corrections (rescaled by 0.05) | LI
omb o merqge R 7 ¢ Additional degree of freedom (M)
- - =+ Viscous QGP with viscous corrections Lt * E . . ey .
_ [ | meanc.oce 1 provides flexibility
é - —— Viscous HG + QGP with viscous corrections . - : . .
T oos| 7 ¢ By tuning M, open window on
S 1 different aspects
S i
%‘/ 0.01 .
> :
0.005 _
% o5 1 15 2 25 3 35 4 a5 s 42
pr (GeV)
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-+ Ideal HG

035" Viscous HG with viscous corrections
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I |-—- Viscous QGP with viscous corrections
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B -+ -+ Viscous HG with viscous corrections (rescaled by 0.05)
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THERMAL DILEPTON V2 WITH VISCOUS EFFECTS

—
SFE .

5 n°n Dalitz-decays E

8 1

P E

© E

g E

7 ‘ Drell-Yan E

L Low- Intermediate- High-Mass Region

E >10fm | >1fm <0.1fm E

E S N T S B D

0 1 2 3 4 5

mass [GeV/cz]

* Additional degree of freedom (IM)
provides flexibility

* By tuning M, open window on
different aspects
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DILEPTONS, SOME RECENT RESULTS

S : ' ' 0.1
@ 107 STAR Preliminary Au+Au 200 GeV Central |
c:‘-_), B p1e,>0.2 GeVl/c, n°l<1 | 001k
= . S 7, nne o 1
> 10k Jy . b, DY | - %
T P <t PYTHIA 0.96mb ] 0.001 10
i - =
B —— Cocktail Sum C : ?
0.0001 z
3 E o]
107 - %
le-05k|" - Charmed Hadrons with Langevin dynamics (0-10%) d1>
B E |* = Charmed Hadrons rescaled from p+p (0-10%) S
F | = STAR cocktail (0-10%) 1%
10° le-06F| = Total: Visc Thermal + Charmed Hadrons w/ Langevin (0-10%) | ]
B C e ] E | = Total: Visc Thermal+Charm rescaled p+p (0-10%) E
T 3 ' I ' ' ' ' ‘ b [ | * STAR data
L L | 4 P PR TP R TP R P B
&} ’ le-07
8 of Mt - 04 06 08 I 12 14 16 18 2
S [ &% _
E 1 _'.* ..... ‘L‘* ............ el M (GGV)
S - I.‘:¢"+ . 0.02 T T T T T
05 1 2 — Viscous HG-QGP (0-10%)
Mass(e+e') (GeV/cz) == Viscous HG+QGP+Charm w/ Langevin (0-10%)
— Viscous HG+QGP+Charm rescaled from p+p (0-10%)
0.015f [+ = Charm w/ Langevin (0-10%) -
High mass region and v, sensitive to
heavy quark energy loss in the plasma 0.01
Same ingredients used for
interpretation of NA60 data
STAR & PHENIX: differences 0.005
0
BROOKHRAVEN
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Vv 5=2.76 TEV
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V' 5=2.76 TEV Il!

Ma2 Mg, v km/h
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V' 5=2.76 TEV Il!

Ma2 Mg, v km/h
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v §=2.76 TEV !!!

Ma2 Mg, v km/h

En=3 X 1073 =2 19 TeV
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Ma2 Mg, v km/h

En=3 X 1073 =2 19 TeV
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v §=2.76 TEV !!!

Ma2 Mg, v km/h
En=3 X 1067 J = 19 Tey

An LHC collision = same as the kinetic
energy of a flying mosmw (in o volume -~

10713 spmaller!)

45
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THE LHC AS A THERMOMETER

A103||||||||||||||||||||||| T

3 0-40% Pb-Pb, {Syy = 2.76 TeV * Interpreting as a
=" l\\ s thermal source:

—e— Direct photons

— Direct photon NLO for = 0.5,1.0,2.0 p. (scaled pp) Terr= 300 MeV
off =

—— Exponential fit: A x exp(-pT/T), T =304+51 MeV

. b * Recall that, at RHIC,

4

Tete= 220 MeV

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1
0 2 4 6 8 10 12 14
P, (GeV/c)
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THE LHC AS A THERMOMETER

103 T T T T T T I T T T I T T T I T T T I T T T T T T T |

(:?3 107 0-40% Pb-Pb, {Syy = 2.76 TeV * Interpreting as a

5 10 ALICE .
Z| +
ge rect oot thermal source:
o .
s —— Direct photon NLO for u = 0.5,1.0,2.0 P, (scaled pp) — ‘ 7
v—i 10" —— Exponential fit: A x exp(-pT/T), T =304%51 MeV Teff - 800 Me
Al

- o * Recall that, at RHIC,

Tete= 220 MeV

Hot stuff: CERN physicists create record-breaking
subatomic soup

13 Aug 2012 | 23.:58 GMT | Posted by Er nd | Category: P

Get Guinness F',,«'.: is1s &t CERN's Large Hadron

Collider near Geneva, Switzerland, have achigved the

“ 3 8°/ h tt , hottest manmade temperatures ever, by colicing lead
ow ° ° el ions o momentanty create a guark-gluon plasma, a
subaiomic soup and unique state of matter that is

thought 1o have existed just moments after the Big

Bang

The results come from the ALICE heavy-on
cxpenment (at nght) - a lesser&nown sibling to

ATLAS and the Compact Muon Solencid, which

produced the data that led 1o the announcement In
July that the Hogs boson had been discoversd
ALICE physiciats, pregenting on Monday at Q
Matter 2012 in Washington DC, s gy that they have achieved a quark-gluon plasma 38% hotter than a record
4tnllon-cegree plasma achieved in 2010 by a similar experiment at Brookhaven National Laboratory in New

Bmom’!" York, which had boen ancinted the Guinness record holcder
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THE LHC AS A VISCOMETER

0.2 : - - 0.14 - - - -
Vo — | ATLAS 10-20%, EP Vo — | ALICE data v{2}, pr>0.2 GeV
0.12 o _ 1
015 | V3 n/s=0.2
' 0.1 ¢ '
= = 008}
<L 0.1 <
2 > 006}
0.05 | 0.04 t
0.02
0 0 .
2 0 10 20 30 40 50

centrality percentile

 This study establishes a sensitivity to the specific shear viscosity
* Data seems to be consistent

* More work needed to understand the evolution of viscosity between
RHIC and the LHC
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PHOTON V?

ePhoton elliptic
flow is as big as
it is at RHIC

el arger than
hydro results

3 I | | | | | | | | | | | | | | | | | | | | | | | | | |
% N L 0-40%, Pb-Pb, \/SNN=2.76 TeV i
0.21- VZERO Event plane % 7
5 — ALICE |
0.15 B ] PRELIMINARY "]
0.1 %++ -
I f - 1
0.05F —
OF-------m-m-- R P TIns T R e IR S R P |
-0.05+ _|
i | | | | | | | | | | | | | | | | | | | | | | |
0 1 2 3 4 5
p. (GeV/c

Charles Gale
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DILEPTONS?

(\/l\ '; T T T T T 1T T 111 T 1T T 111 ?
§ - Jhy CMS Prellmlnary | 3
g 0.0 § PbPb {5, = 2.76 TeV N
= Y(1,2,3S) =
= y(23) .
E 10° K oM L (PBPD) = 147 ub" _
102 Z —;
10k =
1 H= =
i p! >4 GeVic =
| |||T|||| | | BRI EEE | | L1 |||||:H
1 10 10°
m,, (GeV/c?) 19
\BM?W(@}!EE\ Charles Gale

Wednesday, 12 December, 12




CONCLUSION

A large portion of the RHIC AA program not discussed here
(jet E-loss, photon-tagged jets, chiral magnetic effect,...)

 The QGP has very low specific viscosity; connection with
ultracold Fermi gases and string theory: A rapprochement
between string theory and strong interaction phenomenology

* Moving closer to ab-initio modeling, which implies a
quantitative knowledge of the initial state

e Hadrons: Viscosity
* Photons & Dileptons: Temperature

e This modeling incorporates our current knowledge of non-
perturbative QCD = "Standard Model”

* Many aspects not yet understood: not incremental
e Photon elliptic flow is new physics
* Dileptons: much more to come!

e Comparisons between RHIC and LHC essential

BROOKHRVEN Charles Gale
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